Objectives-To evaluate the risk of cancer and other diseases among workers engaged in aircraft manufacturing and potentially exposed to compounds containing chromate, trichloroethylene (TCE), perchloroethylene (PCE), and mixed solvents. Methods-A retrospective cohort mortality study was conducted of workers employed for at least 1 year at a large aircraft manufacturing facility in California on or after 1 January 1960. The mortality experience of these workers was determined by examination of national, state, and company records to the end of 1996. Standardised mortality ratios (SMRs) were evaluated comparing the observed numbers of deaths among workers with those expected in the general population adjusting for age, sex, race, and calendar year. The SMRs for 40 cause of death categories were computed for the total cohort and for subgroups defined by sex, race, position in the factory, work duration, year of first employment, latency, and broad occupational groups. Factory job titles were classified as to likely use of chemicals, and internal Poisson regression analyses were used to compute mortality risk ratios for categories of years of exposure to chromate, TCE, PCE, and mixed solvents, with unexposed factory workers serving as referents. Results-The study cohort comprised 77 965 workers who accrued nearly 1.9 million person-years of follow up (mean 24.2 years). Mortality follow up, estimated as 99% complete, showed that 20 236 workers had died by 31 December 1996, with cause of death obtained for 98%. Workers experienced low overall mortality (all causes of death SMR 0.83) and low cancer mortality (SMR 0.90). No significant increases in risk were found for any of the 40 specific cause of death categories, whereas for several causes the numbers of deaths were significantly below expectation. Analyses by occupational group and specific job titles showed no remarkable mortality patterns. Factory workers estimated to have been routinely exposed to chromate were not at increased risk of total cancer (SMR 0.93) or of lung cancer (SMR 1.02). Workers routinely exposed to TCE, PCE, or a mixture of solvents also were not at increased risk of total cancer (SMRs 0.86, 1.07, and 0.89, respectively), and the numbers of deaths for specific cancer sites were close to expected values. Slight to moderately increased rates of non-Hodgkin's lymphoma were found among workers exposed to TCE or PCE, but none was significant. A significant increase in testicular cancer was found among those with exposure to mixed solvents, but the excess was based on only six deaths and could not be linked to any particular solvent or job activity. Internal cohort analyses showed no significant trends of increased risk for any cancer with increasing years of exposure to chromate or solvents. Conclusions-The results from this large scale cohort study of workers followed up for over 3 decades provide no clear evidence that occupational exposures at the aircraft manufacturing factory resulted in increases in the risk of death from cancer or other diseases. Our findings support previous studies of aircraft workers in which cancer risks were generally at or below expected levels. (Occup Environ Med 1999;56:581-597) 
Aircraft manufacturing took place at Lockheed Martin's Burbank California factories for 6 decades beginning in 1928. The factories were used to assemble and develop conventional military aircraft such as the F-104 Starfighter, highly classified aircraft-such as the U-2 spy plane-and commercial aircraft-such as the L1011. Classified research and development was conducted by Lockheed Advanced Development Projects, commonly known as the Lockheed Martin Skunk Works. Some of the activities required the use of chemical and physical substances-such as compounds containing chromate in painting and corrosion protection of metals, and trichloroethylene (TCE), perchloroethylene (PCE), and other solvents to dissolve grease and oil. Because some of these substances are known or suspected carcinogens, an investigation was initiated to evaluate cancer and other diseases among the aircraft workers. We present results from the mortality follow up.
Methods

COHORT DEFINITION
The study cohort comprised all workers who were employed on or after 1 January 1960 for at least 1 year at the Lockheed Martin aircraft manufacturing factories in California. Workers employed for <1 year were excluded. Three overlapping sources were used to identify the worker population: work history (Kardex) cards, personnel files, and retirement records. Available information on the work history cards, copied for nearly 100 000 workers, included name, social security number, employee number, date first employed, date of birth, a complete history of jobs (occupational title, occupational code, department, plant, date of job change, date job finished), and previous employment information. Also, detailed personnel listings were available for three calendar periods ending in 1972, 1975, and 1997 . Each listing included all active workers and those who finished employment sometime during the previous 10 years. Social security number, occupational code and title, department, building, date first employed, date job finished, and address on over 100 000 workers were available from the personnel listings. From the company's retirement services, computerised records were available since the 1980s and included all active and retired workers receiving benefits or their spouses if the worker had died. Information in the retirement files included name, date of birth, social security number, employee number, date first employed, date job finished, date of death, last address, last occupational code, and transfer information. The overlapping sources identified 113 204 workers. People who worked <1 year (33 687) and people with missing work histories (1182) or incorrect dates (370) were excluded. Short term workers are common in aircraft manufacturing, they are employed as temporary workers for specific tasks, not employed after probationary periods, and are laid oV after production runs. The final study population consisted of 77 965 workers who were employed for at least 1 year on or after 1 January 1960.
DETERMINATION OF VITAL STATUS
Vital status on 31 December 1996 was sought for all workers. Mortality was determined from the California death tapes , the National Death Index (1979-96), Pension Benefit Information Files, the Social Security Death Index, the Health Care Financing Administration beneficiary files, the California Department of Motor Vehicles registration records, employment work history cards, pension and retirement records, and obituary notices in the company newspaper from 1960-96. Cause of death, coded according to the international classification of diseases (ICD) code in use at the time of death, was obtained from the California death tape for those dying in California after 1959 and from the national death index for non-California residents dying after 1978. For all other deaths, death certificates were obtained from company sources or state vital statistics departments and then coded by a trained nosologist for the underlying cause of death. Of the 20 236 deaths, 342 (1.7%) had a missing cause of death.
Sources to confirm vital status included company employment and retirement records, Health Care Financing Administration files for study subjects over the age of 65, and the California Department of Motor Vehicles. Cohort members not confirmed as alive by these sources were assumed to be alive if the various mortality sources failed to indicate death. To determine the validity of this assumption, we intensely studied a random sample of 700 (6.1%) of the 11 533 workers not identified in the mortality searches or confirmed alive from the vital status sources. The approach to confirm vital status for this sample included linkages with credit bureaux, motor vehicle bureaux, phone directory assistance, voter registration lists, and property tax records. Vital status was confirmed as alive for 95% of the sample; the remaining 5% could not be found. Thus, we estimate that the number of workers lost to follow up was about 577 (5% of 11 533) or about 0.7% of the 77 965 workers in the study cohort.
ASSESSMENT OF EXPOSURES
The approach to assess exposure to chromate, TCE, PCE, and mixed solvents is summarised briefly. Walkthrough surveys were conducted of the factories that had been closed and of similar company plants in California and Georgia to where activities and equipment had been transferred; over 50 long term employees (both retired and active) were interviewed; and existing industrial hygiene files, job descriptions going back to the 1940s, and other historical documents were reviewed. Also, job code and title combinations were obtained from personnel records, and job changes ( job code, date, department, plant) were abstracted from the work history cards of factory workers. From this information we identified job families (groups of occupations with similar work activities) and job titles with potential for the exposure of interest, and duration of exposure. Individual workers were then classified into categories of routine, intermittent, or no likely exposure to chromate, TCE, PCE and mixed solvents, and the duration of exposure to each substance was determined. In general, workers classified in the routine exposure jobs would be potentially exposed to the chemical of interest as a normal part of their daily activities, while workers in the intermittent category would only be exposed during particular shop runs or when assisting other workers during busy periods.
Industrial hygiene walkthrough inspections were conducted to become familiar with the manufacturing processes and patterns of use of chemicals. Walkthrough inspections of existing factories were conducted with knowledgeable former Burbank employees who were able to point out locations of departments and equipment lines as well as provide general descriptions of activities that took place in each place. The patterns of exposure to solvents and chemicals would be influenced by the type and number of aircraft being manufactured during particular calendar years. Information on the patterns of use of chemicals by job title was also obtained from historical job descriptions available as far back as 1945, from historical industrial hygiene surveys conducted as early as 1974, and from personnel interviews.
The Burbank factories consisted of four major plants, over 200 buildings, and a changing workforce over 60 years of operation that approached 30 000 employees during peak times. Among factory workers, 784 unique job code and job title combinations were identified and classified into exposure categories. Consideration was given to applying a subjective multiplying factor to account for changing levels of exposures due to increasing use of respiratory protection and mechanical ventilation and other engineering controls to reduce exposure of the workers over the years. Although anecdotal information was obtained in the interviews with long term employees to support this concept, few actual analytical data were available to construct a meaningful multiplier. The absence of historical air sampling information before the 1970s also limited our ability to assign meaningful exposure levels to individual workers. Thus we classified exposure on a relative scale, assuming that workers who worked routinely (daily) with specific chemicals received more cumulative exposure than those with less frequent exposure possibilities. The primary exposure metric of each worker was then taken as a measure of the specific jobs with exposure potential and the duration of time in these jobs.
Routine exposure to compounds containing chromate occurred primarily while operating process equipment in lines of tanks used for plating or to protect metals from corrosion, or when using chromate based primers or paints. The primary organic solvent used in vapour degreasers until 1966 was TCE, when it was replaced by PCE. These chemicals were not generally used as wipe solvents at Lockheed Martin factories. Jobs with exposure to TCE or PCE on a routine basis included process equipment operator and helper, electroplater, metal bond assembler, heat treater, and sheet metal forming jobs-such as drop hammer operator, straightening press operator and stretch wrap forming machine operator. It was common for workers to be exposed to many substances. For example, over 70% of workers who used TCE or PCE either routinely or intermittently were also estimated to have had exposure to compounds containing chromate on a routine or intermittent basis.
As well as TCE and PCE, a wide variety of solvents were used, including methyl ethyl ketone, alcohols, petroleum distillates, 1,1,1-trichloroethane, methylene chloride, methyl isobutyl ketone, acetone, toluene, xylene, and various freons. Due to the large variety of solvents used and the changing pattern of use through the years, an exposure classification was created called mixed solvent exposures. Job titles were placed into categories depending on the potential for the person to have exposure to one or more solvents. Just over 72% of factory workers held jobs with routine or intermittent exposure to mixed solvents.
Cutting fluids and lubricants were used heavily throughout the years in the various machine shops. In the early years, these were oil based fluids, with a switch to water based fluids occurring in the mid-1970s until the early 1980s. Materials containing asbestos were used on some aircraft-such as the SR-71-and asbestos was found in several locations throughout the shops in thermal system insulation and in other building materials. The number of workers potentially exposed to asbestos was small (1231).
ANALYTICAL METHODS
Observed numbers of deaths from cancers and all other diseases were determined by race, sex, age, and calendar year for workers overall and for many subgroups defined by calendar year of employment, duration of employment, latency, occupational family, job title, and potential for chemical exposure. Expected numbers of deaths for the cohort were computed based on race, age, calendar year, and sex specific rates in the general population of California for white workers. General population rates of the United States were used for the smaller number of non-white workers because their racial composition was more similar to that of the United States than that of the state of California. The non-white workers in our cohort were predominantly African Americans, similar to the non-white United States population, whereas in California there is a much higher proportion of Asian Americans among the non-white general population.
Ratios of observed to expected deaths (or standardised mortality ratios, SMRs) were computed to determine whether the mortality experience of workers diVered from that of the general population. All 95% confidence intervals (95% CIs) were computed with exact methods assuming that the observed number of deaths had a Poisson distribution. The OCMAP computer program was used to calculate SMRs and 95% CIs.
1 Person-years of follow up began 1 year after the date of hire or 1 January 1960 depending on which came later. Person-years stopped at the date of death, 31 December 1996, or age 95, whichever came first. The SMRs were calculated for total mortality and for 40 specific causes of death. For family, occupation, and substance analyses, the person-years at risk would begin when first employed in a specific family, when first employed in a specific occupation, or when first exposed to a specific substance if these occurred after 1960.
To account for the favourable mortality experience, primarily for cardiovascular disease, found among newly hired workers, analyses were also conducted excluding the first 10 years of follow up after date of first employment (data not shown). Because there were few diVerences in the SMRs for cancer, the primary outcome of interest, the tables in this paper include all follow up periods. Thus, these tables can be compared directly with those in the previous studies of aircraft workers which did not exclude follow up periods in their published tables. [2] [3] [4] As well as calculations of SMRs, internal comparisons were made to assess risk within the cohort by duration of employment in specific jobs with potential for exposures of interest. Use of an internal comparison would be expected to minimise any biases that might exist when comparisons with the general population are made. Relative risks were estimated by Poisson regression techniques with trend tests conducted to learn whether there were significant increases in risk with increasing years of potential exposure to specific chemicals. 5 The regression model computed relative risks over four categories of years of potential exposure (0, <1, 1-4, >5 years), excluding the small percentage with unknown years of exposure. For all analyses, the non-exposed referent category consisted of 11 097 factory workers who had no or only incidental exposure to solvents or chromate. Date of birth, date of starting employment, date of finishing employment, sex and race (white or non-white) were included in the model.
The internal comparisons relied on the detailed information available from work histories, and the time spent in each occupation associated with particular exposures was computed for each person. Only employees with work history (Kardex) information were included in these analyses as detailed occupational histories were not available from general personnel or retirement files. Finally, because non-factory workers seemed to diVer appreciably from factory workers, the internal comparisons were based only on factory workers. Guided by published reports, 3 4 6-9 internal analyses focused on cancers of the oesophagus, lung, liver, kidney, prostate, breast, ovary, multiple myeloma, non-Hodgkin's lymphoma, leukaemia, and total cancer. larynx, and bladder) was also lower among non-factory (SMR 0.79) than factory workers (SMR 0.85), whereas mortality from all other cancers was similar (SMRs 0.93 and 0.91, respectively). Emphysema was lower among non-factory workers (SMR 0.70) than factory (SMR 0.82) workers, and significant deficits of liver cirrhosis were found in both factory and non-factory workers. The analyses and tables described later relate to factory workers employed for at least 1 year.
Results
DESCRIPTIVE STATISTICS
SEX AND RACE
There were few diVerences in mortality patterns among factory workers by sex or race (data not presented). The SMRs for total mortality were nearly identical among men (SMR 0.87; 95% CI 0.85 to 0.88) and women (SMR 0.88; 95% CI 0.84 to 0.93), and among white (SMR 0.87; 95% CI 0.86 to 0.89) and non-white workers (SMR 0.87; 95% CI 0.82 to 0.92). The total cancer mortality ratio was lower among white (SMR 0.92; 95% CI 0.89 to 0.95) than non-white workers (SMR 1.08; 95% CI 0.97 to 1.19), as was the mortality ratio from all external causes: SMRs 0.73 (95% CI 0.68 to 0.78) and 0.92 (95% CI 0.78 to 1.07), respectively. Non-white women had a significantly high rate of breast cancer (SMR and cirrhosis of the liver (SMR 0.60; 95% CI 0.48 to 0.73).
OCCUPATIONAL FAMILY GROUPS
Analyses of factory workers classified into eight broad occupational families showed significant deficits in all cancer mortality, with SMRs ranging between 0.79 and 0.94 (table 6) . Workers in research and development had the lowest rates for most causes of death, including a significant deficit of lung cancer (SMR 0.70).
The largest family of factory workers, assembly, also had a significantly low rate of dying from lung cancer. Fabrication workers, who were exposed to a wide range of chemical and other substances, including classified compounds within the Skunk Works, experienced no remarkable cancer patterns. Process equipment workers, who worked on the tank lines and received the heaviest exposure to TCE, PCE, and chromic acid, also experienced no significant increases in specific types of cancer. The rate for lung cancer among maintenance workers was significantly low (SMR 0.79), based on 134 deaths. The electrical and electronics family had the highest proportion of women workers; their mortality patterns were not remarkable. Workers in the machine shop were exposed to cutting oils and wipe solvents and had significantly low risks of prostate cancer (SMR 0.75).
SPECIFIC OCCUPATIONS
The SMRs among workers in occupations likely to experience exposures of interest are shown in table 7. Painters, who worked with chromate based paints and primers and routinely used some type of solvent, were followed up for an average of 24 years. Their all cancer mortality (SMR 0.87) was lower than expected but not significantly. Their risk of lung cancer was not significantly higher than Plastic parts fabricators, who were potentially exposed to a wide range of substances including asbestos and mixed solvents, experienced no significant increases in mortality. Welders would also be exposed to non-ionising electromagnetic fields, but no significant increases were found for either brain cancer or leukaemia. There were no significant increases among metal bonders, fabrication and structural design mechanics, or final assemblers.
ROUTINE EXPOSURE TO CHROMATE, TCE, PCE, MIXED SOLVENTS, AND OTHER SUBSTANCES Table 8 presents SMR analyses of workers who had the potential for routine exposure to chromate, TCE, PCE, and mixed solvents. Among workers routinely exposed to chromate from paints or processing lines, cancer of the buccal cavity and pharynx occurred significantly below expectation (SMR 0.14), lung cancer was as expected (SMR 1.02), and all cancer mortality was below expectation (SMR 0.93) but not significantly. The larger group of over 7400 workers with any chromate exposure (data not presented), either routinely or intermittently, also had no significantly increased causes of death, including cancer. Mortality from all cancer was below expectation (SMR 0.88; 95% CI 0.81 to 0.95) as was lung cancer (SMR 0.89; 95% CI 0.78 to 1.03).
There were no significant increases of any cause of death among the workers potentially exposed to TCE on a routine basis. All cancer mortality was significantly low (SMR 0.86) as were the numbers of deaths due to cancers of the pancreas (SMR 0.41) and lung (SMR 0.76). Deaths due to non-Hodgkin's lymphoma (SMR 1.19) were slightly above expected levels but not significantly. Cancer of the liver (SMR 0.54) occurred below expectation but not significantly. The SMRs for the workers with any potential exposure to TCE, either routinely or intermittently (data not presented), were similar to those for workers Perchloroethylene replaced TCE around 1966 and overlapping exposure with TCE was noted for 30% of these workers. There were no significantly high or low SMRs for any cancer among workers routinely exposed to PCE. Deaths due to non-Hodgkin's lymphoma (SMR 1.70) and liver cancer (SMR 2.05) were above expected levels but not significantly. Cancer of the kidney (SMR 0.69) occurred below expectation but not significantly. The SMRs for cancer among the workers with potential for any exposure to PCE (data not presented) were similar but somewhat lower than among those routinely exposed to PCE-for example, for all cancer (SMR 0.87; 95% CI 0.78 to 0.95), cancers of the liver (SMR 0.95; 95% CI 0.47 to 1.70), lung (SMR 0.85; 95% CI 0.71 to 1.00), and nonHodgkin's lymphoma (SMR 1.41; 95% CI 0.90 to 2.10).
Among factory workers exposed to mixed solvents on a routine basis, no significant increases of any cause of death were found except for testicular or other male genital cancers (SMR 3.04) based on six deaths, including five testis and one penile cancer. The excess could not be linked to any particular solvent. Non-significant deficits were found for all cancer (SMR 0.89) and for lung cancer (SMR 0.88, observed 221). Cancers of the liver (SMR 0.92), kidney (SMR 0.81), multiple myeloma (SMR 0.98), and non-Hodgkin's lymphoma (SMR 1.02) were not significantly diVerent from expectation. No excesses of non-malignant diseases were found, including nephritis (SMR 0.70, observed 14). Among workers routinely or intermittently exposed to mixed solvents (data not presented), no significantly high SMRs were observed and significant deficits were found for all cancer (SMR 0.92; 95% CI 0.88 to 0.95) and several specific cancers. The SMRs for the ever exposed group were similar to those for the routinely exposed for all cancers (SMR 0.92), cancers of the liver (SMR 0.91; 95% CI 0.70 to 1.17), brain (SMR 0.70; 95% CI 0.52 to Analyses were also conducted of workers routinely exposed to TCE but not PCE, to PCE but not TCE, to both TCE and PCE, and to any mixed solvent excluding TCE and PCE. The few observations resulted in increased instability of the SMRs, but the patterns of risk mirrored those presented in table 8 .
Mortality among workers exposed to asbestos and cutting oils was not remarkable (data not presented). Lung cancer was nonsignificantly increased among the 1231 workers potentially exposed to asbestos (SMR 1.38; 95% 0.85 to 1.94), with one death attributed to pleural mesothelioma. No unusual mortality patterns were found among the workers exposed to cutting oils.
INTERNAL COHORT COMPARISONS
Internal regression analyses by duration of exposure were conducted of workers routinely or intermittently exposed to chromate, TCE, PCE, and mixed solvents. Analyses of routine exposures alone had too few deaths to be meaningful. The workers with incomplete occupational histories were excluded so that numbers are not identical to those in the previous tables. For the factory workers exposed to chromate, there were no significantly positive or negative trends in risk for any cancer over years of potential exposure. For lung cancer, the relative risks over years of potential exposure to chromate (0, <1, 1-4, >5 years) were 1.0, 0.90 (95% CI 0.69 to 1.16), 1.02 (95% CI 0.78 to 1.33), and 1.08 (95% CI 0.75 to 1.57), respectively (p value for trend >0.20). For all cancers, the corresponding relative risks were 1.0, 0.89 (95% CI 0.77 to 1.02), 0.91 (95% CI 0.78 to 1.06), and 1.00 (95% CI 0.81 to 1.24). Table 9 presents internal cohort analyses of workers exposed to TCE, PCE, and mixed solvents on a routine or intermittent basis. There was a total of 611 cancers among the workers with potential for routine or intermittent exposure to TCE, but no variation in risk over categories of years worked was found overall or for specific cancers of initial interest. Among those with the longest durations of exposure, there was a non-significant increase for nonHodgkin's lymphoma (relative risk (RR) 1.62) and a significant deficit of lung cancer (RR 0.64).
Among workers potentially exposed to PCE, there was no evidence of a significant increase in risk with increasing years of exposure for any cancer. As shown in table 9, among those with >5 years of potential exposure, there were non-significant increases in liver cancer (RR 1.29) and non-Hodgkin's lymphoma (RR 1.41), but no indication of any significant linear exposure-response relations (p>0.20). There was a significant decrease in total cancer (RR 0.74) among those with the longest duration of exposure, and the lung cancer risk (RR 0.71) was also low.
Among the workers exposed to mixed solvents on a routine or intermittent basis during their occupation, there were no significant increases or increasing trends. The RRs among those exposed for >5 years were close to or below 1.0 for total cancers (RR 0.91), liver cancer (RR 0.97), kidney cancer (RR 0.41), and non-Hodgkin's lymphoma (RR 1.01).
Other cancer sites evaluated included the testis, breast, and ovary but the numbers were Table 9 Relative risk of selected cancers (ICD-9) by duration of potential exposure (routine or intermittent) §The referent non-exposed group (0 y) was taken as factory workers not exposed to any solvent.
too few for meaningful presentation. There were 12 testicular or male genital cancers among workers exposed to mixed solvents on a routine or intermittent basis, but there was no evidence of a dose response with years of exposure. Internal analyses were also conducted for specific occupations-such as painters-but again the numbers of cancer deaths were too small for meaningful comparisons except for all cancers and lung cancer. For none of the occupations of interest were there significant increases, deficits, or trends for lung cancer or all cancers combined. Similarly, regression analyses considering years worked with potential exposure to asbestos or cutting oils showed no unusual patterns for the 10 cancers evaluated, but again the number of cancer deaths was small for any specific cancer.
Discussion
This large, systematic epidemiological investigation of the long term mortality experience of aircraft workers showed that rates of cancer and other diseases were not increased. The study is the largest ever conducted of aircraft workers, and yielded findings in accord with previous investigations displayed in table 10. These epidemiological studies have shown no significant or consistent increases in cancer mortality related to any specific exposure or combination of exposures among aircraft workers. Indeed, similar to our results, the other studies tended to show low risks for cancer overall and for several specific types of cancer among workers in the industry.
In the present and other investigations of aircraft workers, low rates of death were found for heart disease, cerebrovascular disease, nonmalignant respiratory disease, and all external causes-such as accidents and suicides. These reductions seem due in part to the initial selection into the workforce and the continued employment of healthy people that is often found in occupational studies. 10 Similar to most other occupational studies, the so called healthy worker eVect among the workers decreased with attained age and time since employment. For occupational cohorts, the healthy worker eVect is unlikely to be a major stumbling block to assessing causal associations, especially for cancers.
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As often seen in occupational studies, workers with the shortest duration of employment had somewhat higher SMRs than longer term workers. 10 The reasons are not entirely clear but may be related to unhealthy lifestyle characteristics and previous illnesses that make it diYcult for short term workers to keep a job. 12 Detailed mortality evaluation of factory workers, occupational family groups, and specific occupations also failed to show any consistent patterns that might suggest hazardous workplace exposures or circumstances. In the following paragraphs we discuss several exposure-disease relations that we specifically evaluated because of an initial interest. cancers of the bone, oesophagus, colon, and cervix. The Hughes study also reported no consistent associations between TCE and any specific cancer, but noted slight increases for cancers of the bladder, kidney, prostate, and ovary. 4 We could confirm none of these possible associations. Among the workers most heavily exposed to TCE in our series, there were no significant excess deaths ascribed to multiple myeloma (six observed v 6.6 expected) or cancers of the breast (seven v 5.3), bladder (five v 9.1), prostate (32 v 31.1) or ovary (one v 1.7). Increased risks were also not apparent for asthma (one v 2.2), or cancers of the bone (one v 0.7), oesophagus (seven v 8.4), colon (30 v 28.0), or cervix (zero v 0.7). Our internal cohort analyses showed no evidence of a dose-response for multiple myeloma, or cancers of the breast, prostate, or oesophagus. Thus, our investigation provides little evidence that exposure to TCE in the aerospace industry has resulted in a measurable increase of any cancer.
PERCHLOROETHYLENE (PCE)
Perchloroethylene, also known as tetrachloroethylene or perc, is a colourless organic compound that has been used as an industrial solvent for >50 years. Perchloroethylene replaced TCE at the Lockheed Martin factories in 1966 and was used primarily in vapour degreasing activities. In 1995, the IARC concluded that there is limited evidence in humans for the carcinogenicity of PCE, based on several epidemiological reports of primarily dry cleaning workers, of increased risks of cancers of the oesophagus, bladder, cervix, and nonHodgkin's lymphoma. 7 8 Experimental studies of rats exposed to PCE have found leukaemia to be induced. 7 8 We identified over 2600 workers routinely exposed to PCE and found no significant increases compared with the general population. Leukaemia (five observed v 4.6 expected) and cancers of the oesophagus (six v 4.1), cervix (zero v 0.5), and bladder (two v 2.9) occurred close to or below expectation, and cancer of the liver (seven v 3.4) was increased but not significantly.
Internal cohort analyses showed no increases in risks with increasing years of exposure to PCE for all cancers combined. The rates of liver cancer and non-Hodgkin's lymphoma were somewhat increased overall and among those with the longest durations of exposure to PCE, but none of the trends or relative risks were significant and the dose-response relations were erratic. Occupations associated with processing had the highest potential for exposure to PCE, but no excesses of liver cancer, non-Hodgkin's lymphoma, or other cancers were found among this group. Air sampling data from 1978 to 1988 indicated relatively low concentrations of PCE that were well below permissible exposure limits.
Possible links have been suggested between consumption of drinking water contaminated with PCE and leukaemia, and cancers of the rectum, lung, bladder, and breast. [19] [20] [21] As noted, we found no significant excess of leukaemia or cancers of the rectum, lung, and bladder, and only four breast cancers were observed v 3.4 expected among women routinely exposed to PCE. These null findings are consistent with other studies of aircraft workers (table 10) .
MIXED SOLVENTS
Workers typically were not exposed to single chemicals, but rather to various solvents and substances depending on job activities. To take into account this multiplicity of exposures, a category of mixed solvents was constructed and jobs were ranked as routine, intermittent, or no use of solvents. For the 32 000 plus workers with either routine or intermittent exposure to any solvent, there was no significant increase in any cancer, whereas deficits were apparent for several cancers, including buccal cavity, stomach, and brain cancer. Similar patterns of risk were apparent among the workers who routinely used solvents, including TCE and PCE, with deficits also apparent for all cancers and lung cancer. The low risk of brain cancer provides no support for an association with solvents reported in some studies in other industries. 22 The internal cohort analyses showed no significant dose-response patterns for workers most heavily exposed to mixed solvents.
A significant excess of cancer of the testis or other male genitalia was found among workers with potential for routine exposure to mixed solvents, although the number of cancers was small and risk was unrelated to duration of exposure. An increased risk of cancer of the germ cells of the testis has been reported among workers employed in maintenance and repair of United States navy jets. 23 24 The exposure suspected by the authors of one study was dimethylformamide, an organic solvent used in depotting activities in F4 Phantom jet repair factories during the Vietnam War. Dimethylformamide, however, was not identified as being commonly used at the factories we studied. Furthermore, one of the six male genital cancers among Lockheed Martin workers exposed to solvents was a penile cancer; and only one of the five testicular cancers was likely to be of germ cell origin as all but one case died after the age of 50, an age distribution uncommon for a type of testicular cancer restricted primarily to young adults. 25 All seven germ cell tumours among F4 Phantom jet workers occurred in men under the age of 47. 23 After review of employment histories, we found no common occupation or exposure pattern among the Lockheed Martin workers with testicular or other male genital cancer: one worked routinely with PCE, three with chromate, and three were employed for <5 years. The causes of testicular cancer are not well understood, 25 and we do not have a clear explanation for the higher number of male genital cancers, although multiple comparisons made in our analyses might have played a part in producing this significant observation.
Leukaemia was a cancer of initial interest because of analogy with the known increased risks of this cancer in workers exposed to benzene, an industrial solvent. 26 There was no indication that benzene was heavily used at any time at Lockheed Martin factories, although it may have been a constituent of some solvent mixtures. However, there were no significant increases in leukaemia in any of the comparisons made. Organic solvents have also been suggested as a risk factor for glomerular nephropathies and chronic renal failure, 27 but we found no evidence for increased mortality from non-malignant renal disease among workers routinely exposed to TCE, PCE, or any mixed solvent. A significant 24% excess of prostate cancer was found among all factory workers employed for >30 years; but prostate cancer was not associated with any specific occupation or exposure. Internal comparisons also failed to link prostate cancer with increasing years of exposure to any solvent, mixed solvent, or chromate.
ASBESTOS
Exposure to asbestos seemed to be minimal at the study factories, although it was used in some insulation materials and in the construction of certain aircraft, such as the SR-71. The exposure to asbestos, however, rarely involved high concentrations of free floating fibres. Among the workers with potential exposure to asbestos, there were no significant increases of any cancer. The lung cancer SMR was modestly increased (SMR 1.39) based on 25 cancer deaths. One death due to pleural mesothelioma (ICD-9 163) occurred in a maintenance welder with only 2 months potential exposure to asbestos while at the Lockheed Martin Burbank factory. On review of his work history it was found that he had been employed in several dry dock factories involved with the repair and maintenance of ships in the 1950s where considerable exposure to asbestos was likely. In the entire cohort there were a total of 11 deaths due to pleural cancer by contrast with 6.8 expected (SMR 1.62; 95% CI 0.81 to 2.91). Work histories before being employed at Lockheed Martin, systematically recorded on the employment cards, were reviewed and showed potential for previous heavy exposure to asbestos for at least four of these workers-for example, during boiler tendering or work in naval shipyards.
STRENGTHS, LIMITATIONS, AND METHODOLOGICAL ISSUES
Strengths of the current study include the large size of the worker population, the long follow up, and the comprehensive exposure assessment approach. The cohort is the largest group of aircraft workers ever assembled, and follow up averaged over 20 years per worker and extended up to 37 years. Workers with the longest follow up were employed before 1950 and experienced no increased mortality, although entry into the cohort required each worker to have been employed at some time during or after 1960. Although we did not include all early employees in the current investigation, we did identify and trace a random sample of over 4000 workers who had worked for at least 1 year before ending employment in the 1950s. Their all cause mortality (SMR 0.85) and all cancer mortality (SMR 0.82) were similar to those of workers employed in the 1960s and after. Thus there was no evidence that the early workers at Lockheed Martin factories experienced diVerent mortality patterns from later employees.
Our approach to exposure assessment included reviewing detailed job descriptions, interviewing long term workers, conducting several walkthrough visits of aircraft manufacturing plants, reviewing detailed environmental assessment reports and industrial hygiene surveys, and calling on experience gained in a previous study of aircraft repair workers. 17 Also, the amount and quality of detailed information on individual work histories is unprecedented for a study of this size. Nevertheless, although we were able to associate exposure from specific chemicals and substances with specific occupations, a study limitation is that the actual level-for example, ppm-of occupational exposure to any substance could not be realistically assigned over the span of more than 6 decades of work histories. Such a limitation would be true of any long term study of aircraft workers where actual measurements of exposure did not begin until the late 1970s and early 1980s. Thus we chose as our measures of exposure the indication that an employee had worked in jobs with high potential for use of the chemical or substance of interest and the duration of work in such jobs. Misclassification of such exposure might aVect our ability to detect variations in risk, but the variety of ways potential exposures were evaluated (by occupation, family groupings, exposure potential, duration of exposure, latency, and calendar year of employment) makes it unlikely that any large increases in risk of disease would have been missed. The absence of consistent patterns across these varied categories supports the conclusion that aircraft workers have not experienced any major increases in mortality from any disease.
Smoking is a potential confounder in occupational mortality studies, although direct information is rarely available. In our investigation, smoking information was available and abstracted for nearly 4000 workers from routine medical history questionnaires and from periodic special questionnaire surveys. Although adjustment for smoking by individual cohort members could not be made from this selected and limited amount of data, qualitative evaluations indicate that factory workers were more likely to smoke than non-factory workers (33.4% v 23.1%) and that female workers smoked as much as their male counterparts (33.6% v 31.5%). Smoking prevalences among workers were also higher in the 1980s than the 1990s (39.9% v 28.9%).
The choice of an external comparison group can influence the magnitude and direction of SMRs. The worker population studied is diverse and consists of every major ethnic classification in relatively large proportions, including Asians, Hispanics, African Americans, and American Indians. External comparison, however, could be made only for two broad racial classifications, white and non-white. White workers included Hispanic people and non-whites workers included Asian Americans, African Americans, and American Indians. DiVerences between the observed and the computed expected number of deaths could reflect any diVerences in the ethnic composition between the general population used for comparison and the worker population.
The number of comparisons made in this study was large, and it could be tempting to seek out and discuss only those diseases with significantly or suggestively high (or low) increases. By chance alone, some relative risks or trend lines might be expected to be significant. Thus care was exercised in not attributing increased or reduced risks to specific exposures based on statistical testing alone; rather we considered consistency with other study findings as well as possible methodological biases or confounding. Some of the lowered risks were consistent with the healthy worker eVect, which we have discussed. Other risk estimates are likely to reflect the chance of finding both lower and higher risks when making multiple comparisons. Of the few increased risks, none was consistent across job and chemical exposure groupings.
Our study was based on mortality, with causes of death specified on death certificates. There is some concern about their accuracy, although the inaccuracy of cause of death on death certificates is less for cancer than other causes. 28 Liver cancer is known as one of the cancers most likely to be misclassified on death certificates, mainly because it is often a metastatic site and distinguishing metastatic lesions from primary cancer is often problematic. The situation for non-Hodgkin's lymphoma is unique with major changes in classification schemes and the application of diagnostic approaches based on immunohistochemistry occurring over the past several decades. Such changes are likely to have influenced the recording of non-Hodgkin's lymphoma on death certificates over time, which conceivably could be somewhat better for workers than for the general population because of more complete medical evaluations. 29 The multiplicity of available data sets for workers permitted comprehensive quality control checks to assure that the entire population was identified and that mortality searches were of high accuracy. Name, date of birth, social security number, sex, and race were available from Kardex cards, three separate personnel listings, retirement files, and other Lockheed Martin and California state records. This complete and accurate identifying information together with use of multiple sources was instrumental in achieving a high follow up rate for ascertaining vital status, with <2% of known deaths with missing causes of death. Further, the use of pension records, Health Care Financing Administration beneficiary files, and Department of Motor Vehicle files confirmed that most of the worker population not found to have died based on mortality searches were in fact alive.
In conclusion, this large scale investigation with nearly complete follow up and access to data on job histories and historical exposure information leads us to conclude that the aircraft workers under study have not experienced significant adverse health eVects as a result of their occupational activities.
